Abstract: 3D MRg-NIRS imaging of breast cancer has been studied in simulation and in vivo using parallel plate and circular geometries. Optimal methods to minimize errors in measurement and modeling are presented.
Methods

MR guided Optical Imaging System
The system used in this study was developed by Brooksby, et al [1] . The optical instrumentation is composed of 6 laser diodes with photomultiplier tubes for detection. Sixteen fiber bundles, bifurcated with source and detector fibers, illuminate the pendent breast circumferentially for a total of 240 measurements. The fiber optics enter the MR room through a conduit and are positioned with custom designed patient/fiber interfaces, shown in Fig. 1 . Optical data is collected concurrently with a 3T MRI.
Image Reconstruction
Image formation was achieved by non-linearly fitting a 3D forward model to the calibrated data collected by the optical system. Data was modeled with the lossy diffusion equation. A finite element approach is used to solve this equation on the irregular breast domain [2] .
Image reconstruction involved a Newton-Raphson iterative approach to minimizing the measured photon flux from the optical instrument and the sampled calculated photon flux from the 3D forward model [3] . This objective function is minimized, and the update to the optical properties from the previous estimate is calculated a388_1.pdf BSuB4.pdf BSuB4.pdf with a Levenberg-Marquardt approach [3] . In this study, the regularization used was just large enough to ensure an invertible matrix, usually a value of 10 -4 . MR T1-weighted anatomical information is incorporated into the inverse problem by reducing the number of unknowns to a set of parameters for each unique tissue type: adipose, fibroglandular, and tumor tissue [4] . This approach constitutes an averaging of the optical properties within a tissue type, and is necessary to ensure computational feasibility in 3D.
Results
Studies were performed to compare the effectiveness of the slab and circular geometries in patient imaging. Figure  1 shows the connection between the optical fibers and the two interfaces studied. These devices were mated with a commercial breast coil (Invivo, Intermagnetics General Corporation). It is clear from the images that the slab geometry shown in Fig 1b is more readily adapted to 3D imaging, because multiple planes can be imaged while the breast remains immobilized. The interface of Fig 1a can only image a single plane of the breast, as imaging further planes would require repositioning and would alter the breast shape.
The two geometries were tested to compare the non-systematic noise cause by fiber coupling errors. Errors arise because the calibration requires that the fibers have the same coupling between both the calibration phantom and the patient. The calibration phantom is used in NIR imaging to subtract out the transmission differences between the fibers and the differences between fiber/tissue coupling. This noise causes artifacts in the reconstructions, because it cannot be differentiated from perturbations in optical properties in the imaging domain. Figure 2 shows the errors in twelve repetitions measured in phantoms with similar optical properties for the two geometries. Each repetition consisted of removing the fibers off of the phantom, and then re-contacting them to the phantom. Shown in Figure 2 are the standard deviations in the amplitude and the phase for each source detector pair, and the average errors for all data points are shown in Table 1 . It is apparent that the circular domain is more vulnerable to fiber coupling errors. This is intuitive because the plastic parts wear over time, creating alignment errors in systems that attempt to ensure a circular boundary.
Because of the wear in the components and the 3D nature of the problem, locating the fibers on the tissue for boundary conditions is difficult. Although there are fiducial markers to give a general region of fiber location on the mesh, these locations can easily be off by 5mm or more, even if the operator is careful. Figure 3 shows an example of the difficulty in placing these fibers on the mesh, and the perturbations in log amplitude with differing placement errors of 1-5mm (magenta, black, red, aqua, green, respectively). These errors can cause such large a b model-data misfit errors that the reconstruction will not converge. In a slab geometry, fiber positions are known accurately, because they are fixed to a grid.
The slab geometry aids in computation, as a smooth boundary avoids the significant numerical errors in the finite element method that originate from poor quality elements produced when meshing an irregular boundary with fiber indents. As an additional advantage to the slab geometry, a regular shaped, high quality, pre-made mesh can be sized to fit each patient. This allows for large savings in meshing time, and is perhaps the only way to practically achieve 3D MRg-NIRS imaging in the clinic. The key here is to fit a regular geometric shape to the MR boundary, and use the MR guidance to tag the inner adipose, fibroglandular, and region of interest tissue for reconstruction. Figure 4a ,b, show the patient specific slab mesh and the MR overlay. Figure 4c ,d show the MR overlaid onto a parallelepiped mesh. Noisy data was generated on a breast with a simulated tumor in the patient specific mesh of Fig 4b, and reconstructed with both meshes (Fig. 4b and 4d) , to determine if optical properties could be recovered.
By compensating for an offset in mean intensity and phase, accurate recovery of the optical properties can be observed in the parallelepiped mesh images in Fig 5a, and quantified in Fig 5f. 
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